- 1 - Express Mail Label No.: EL953477247US 

Date of Deposit: February 26, 2002 

FREE RADICAL GENERATOR AND METHOD 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

The present invention relates to apparatus for generating free radical species and 
particularly to hydroxyl free radical generators and methods of use in water treatment 
facilities. 

2. DESCRIPTION OF RELATED ART 

The use of aquatic systems for use by the general public, for example, swimming 
pools, spas, hot tubs, decorative fountains, cooling towers and the like, has led to a 
variety of water quality problems. For instance, improper chemical balances in the water 
can lead to various types of contamination including bacterial and viral contamination. 
To address such problems, pool operators have turned to the use of chemical sanitizers as 
a typical water sanitation method. Halogen donor compounds, such as chlorine or 
bromine can be effective sanitizers so long as they are maintained at well-defined and 
constantly controlled concentration levels in the water. It is important that the 
concentration of these chemical sanitizers is not allowed to become too high and possibly 
cause irritation to the users and damage to the water system. Insufficient sanitizers may 
result in a contaminated condition. Other systems have been developed. For example, 
Ruffin in U.S. Patent No. 3,079,498 discloses a swimming pool water purifier that 
provides germicidal ultra-violet radiation to a stream from and to the swimming pool. 

Other efforts aimed at sanitization or treating aquatic systems have been 
disclosed. For example, Czulak et al., in U.S. Patent No. 3,336,099, disclose an 
apparatus for the sanitization of liquids with special application to water storages and 
swimming pools by passing such a liquid from the swimming pool around an ultraviolet 
radiation source to expose the liquid to said radiation. Koubek, in U.S. Patent No. 
4,012,321, discloses oxidation of refractory organics in aqueous waste streams by 
hydrogen peroxide and ultraviolet light by introducing the liquid to be treated in a 
photolysis chamber, to expose the liquid to the ultraviolet light. Pisani, in U.S. Patent 
No. 4,906,387, discloses a method for removing oxidizable contaminants in cooling 
water used in conjunction with a cooling tower by including means for removing a 
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portion of the recirculating water which passes through the cooling tower to create a 
slipstream of water to be treated and treating the slipstream water with chemicals to 
provide a hydroxyl free radical into the water to enhance oxidation, inducing cavitation 
in the slipstream water, then irradiating the slipstream water with ultraviolet radiation to 
5 thereby cause the oxidizable contaminants to be oxidized and therefore removed before 
the slipstream water is reintroduced back into the cooling tower. Cater et al, in U.S. 
Patent No. 5,043,080, disclose treating contaminated effluents and ground waters 
wherein the liquid effluent or ground water containing the organic contaminants is 

P contacted with hydrogen peroxide and transition metal ions; the hydrogen peroxide and 

10 transition metal ions are present in effective amounts based on the concentration of the 
organic contaminants in the liquid and the liquid effluent is then irradiated with 

Co ultraviolet light to decompose the organic contaminants. Weres et al., in U.S. Patent No. 

5,439,577, disclose an electrochemical device for generating hydroxyl free radicals in the 
treated water using a novel electrode which is capable of operation at sufficiently 

fy 15 positive anodic potential to produce the hydroxyl radicals in the treated water. 

S 

Q 

ffi SUMMARY OF THE INVENTION 

According to one embodiment, the present invention provides a water system 
comprising a body of water and a free radical generator comprising an inlet connectable 
20 to a substantially pure water source, a channel fluidly connected to the inlet, the channel 
disposed to flow the substantially pure water therethrough, an ultraviolet radiation 
emission source disposed to irradiate the substantially pure water and generate free 
radicals therein, and an outlet fluidly connected to the body of water. 

According to another embodiment, the present invention provides a method of 
25 minimizing undesirable species in a water system. The method comprises providing 
substantially pure water to a free radical generator, irradiating the substantially pure 
water with ultraviolet radiation to produce a solution comprising free radicals, and 
adding the solution to the aquatic system. 

According to another embodiment of the present invention, a method for 
30 disinfecting an aquatic system is provided. The method includes providing a low oxygen 
demand liquid to a hydroxyl free radical generator, irradiating the low oxygen demand 
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liquid with actinic radiation to generate hydroxyl free radicals in the liquid, and adding 
the hydroxyl free radicals to the aquatic system. 

According to another embodiment of the present invention, a method for 
facilitating treating a water facility is provided. The method includes providing a reactor 
5 comprising a water inlet fluidly connectable to a substantially pure water source, a 

channel fluidly connected to the inlet, the channel disposed to flow the substantially pure 
water therethrough, an ultraviolet radiation emission source disposed to irradiate the 
substantially pure water and generate hydroxyl free radicals therein and an outlet 
downstream of the ultraviolet radiation emission source, the outlet fluidly connectable to 

10 the water facility. 

In another embodiment, the present invention provides a method of operating a 
water system. The method comprises the steps of providing a reactant solution 
consisting essentially of substantially pure water, irradiating the reactant solution with 
ultraviolet light to produce an oxidant solution having free radical species and mixing the 

15 oxidant solution with water in the water system. 

In another embodiment, the present invention provides a water system. The 
water system comprises a reactant solution source providing reactant solution consisting 
essentially of water substantially free of free radical consuming contaminants and an 
ultraviolet radiation source fluidly connected to the reactant solution source and 

20 constructed and arranged to irradiate the reactant solution and fluidly connected to water 
in the water system. 

Other advantages, novel features, and objects of the invention should become 
apparent from the following detailed description of the invention when considered in 
conjunction with the accompanying drawings, which are schematic and are not intended 

25 to be drawn to scale. In the figures, each identical or substantially similar component 
that is illustrated, is represented by a single numeral or notation. For clarity, not every 
component is labeled in every figure nor is every component shown where illustration is 
not necessary to allow those of ordinary skill in the art to understand the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Preferred, non-limiting embodiments of the present invention will be described 
by way of example with reference to the accompanying drawings, in which: 
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FIG. 1 is a schematic diagram showing a water system according to one 
embodiment of the present invention; 

FIG. 2 is a graph showing the reduction in chloramine, as combined chlorine, 
after the introduction of hydroxyl free radical species into the water system 
schematically illustrated in FIG. 1; 

FIG. 3 is a graph showing the rate of TOC reduction using the hydroxyl free 
radical generator as a function of elapsed time as used in the water system schematically 
shown in FIG. 1 ; and 

FIG. 4 is a schematic diagram of a free radical species generator according to one 
embodiment of the present invention. 

DETAILED DESCRIPTION 

The present invention, in one aspect provides an apparatus for generating free 
radical species can be used to sanitize or minimize undesirable species that create an 
oxygen demand in water systems. The apparatus generates hydroxyl free radical species 
using substantially pure water, or using a liquid that is substantially free of oxygen- 
reactive species, to maximize free radical species generation to sanitize the water system. 
The free radical species are generated by ultraviolet radiation having a wavelength of 
less than or equal to 254 nm. 

According to one embodiment, the present invention provides a water or aquatic 
system as schematically illustrated in Figure 1. The water system 10 can comprise a 
body of water 12 and a circulation system 14. Circulation system 14 typically includes a 
pump 16 and optionally an in-line filter 18 so that as water is withdrawn from body of 
water 12, it can be filtered as it passes through circulation system 14 before being 
returned to body of water 12. Optionally connected to circulation system 14 are sensor 
element 20 and connections or ports 22 and 24. In some cases, water system 10 can 
comprise body of water 12 fluidly connected to a free radical generator through, for 
example, port 22 or 24. 

The hydroxyl free radical is one of the most powerful oxidizers. Because of its 
high oxidation potential, hydroxyl free radical species and other oxygen radicals, used 
herein as oxidants, can be used to oxidize oxidation-resistant compounds. 
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According to one embodiment, the present invention provides improved 
efficiency of oxidant production while utilizing comparably low power and relatively 
minimal capital and operating expense. The present invention can provide a method for 
improved control of oxidant concentration and delivery based on specific requirements 

5 and needs as well as measured program performance. In some cases, producing oxidants 
in an environment that is beneficial for their production would produce higher 
concentrations as well as improved efficiency. Accordingly, in one embodiment, the 
present invention provides an apparatus for generating free radical species as oxidants 
from a solution, typically the reactant solution, that is substantially free of a species that 

10 would oxidize such free radicals. For example, a reactant solution can be substantially 
pure water or it can be a solution that has a low chemical or biological oxygen demand 
level. By reducing the potential for competing reactions through the elimination of any 
unwanted or undesired organic or inorganic contaminants that may consume free radical 
species, the stability of such species is thereby improved. Thus, for example, the free 

15 radical generator apparatus according to some embodiments of the present invention has 
a low power consumption, such as about or less than 100 KW, in some cases, about or 
less than 10 KW and, in other cases, about or less than 1 KW for a water system that has 
about or greater than 10,000 gallons of water. 

In another embodiment, the present invention provides a system, and a method, 

20 for employing and delivering an oxidant solution comprising free radical species, such 
as, but not limited to, hydroxyl free radical species (OH-), to a water system or a body of 
water to be treated using a free radical generator. The free radical generating apparatus, 
according to one embodiment of the present invention, is schematically illustrated in 
Figure 4. The free radical generator 25 can have an inlet 26 and an outlet 28. 

25 Connecting the inlet and the outlet is typically a channel 30. Channel 30 can have a 
variety of shapes and configurations to allow the reactant solution to flow therethrough 
and, in some cases, maximize the incident exposure of the reactant to actinic radiation. 
For example, channel 30 can be shaped as a cylindrical or an annular chamber. 
According to one embodiment, within the chamber resides an actinic radiation source 32 

30 contained within a transparent wall 34. The free radical generator can comprise a 

channel that fluidly connects to the inlet and is disposed to flow the reactant solution, 
such as substantially pure water, therethrough. The free radical generator can also 
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comprise a source of actinic radiation that is disposed to irradiate the substantially pure 
water flowing along the channel such that upon irradiation, free radicals are generated 
therein. In some cases, outlet 28 of the free radical generator is fluidly connected to 
circulation system 14 at port 24. In some cases the actinic radiation source emits 

5 electromagnetic radiation in the ultraviolet range, preferably with a wavelength that is 
less than 300 nanometers and more preferably with a wavelength that is less than 254 
nanometers. Examples of actinic radiation sources are available commercially from, for 
example, Aquionics Incorporated (Erlanger, Kentucky). The intensity of the actinic 
radiation source can vary, typically, decreasing, after, a period of use. For example, the 

10 rated intensity or dosage of a specific ultraviolet lamp can decrease over time as 

described by Rodriguez et al. in "Disinfection, Liquid Purification by UV Radiation, and 
Its Many Applications," Ultrapure Water, September 1991, pages 22-30, which is 
incorporated herein in its entirety. Typically, an ultraviolet lamp is rated according at its 
end of lamp life to insure minimum dosage levels. The present invention is not limited 

15 to a particular low or medium pressure lamp; thus, either or both may be used provided 
the lamp has sufficient intensity to initiate or generate the required free radical species 
yield. 

Inlet 26, according to one embodiment, provides a reactant solution that is 
irradiated by the actinic radiation. According to some embodiments, the reactant 
20 solution has a low oxygen demand or processed to have a low oxygen demand. In some 
cases, the reactant solution comprises substantially pure water or a liquid that has a low 
chemical or biological oxygen demand. Outlet 28 can provide oxidant solution, which 
typically contains the produced free radical species for introduction into body of water 
12. 

25 Reactor sleeve or wall 34 typically encases or surrounds actinic radiation source 

32 and separates it from the irradiated reactant solution and, typically, the oxidant 
solution. According to one embodiment, wall 34 comprises a quartz sleeve that is 
transparent to electromagnetic radiation having a wavelength of less than or equal to 300 
nm. As shown in the embodiment of FIG. 4, channel 30 can be formed as the volume 

30 enclosed within cylindrical surface 36. Channel 30 can also be referred to as the reaction 
chamber and can be defined as the cylindrical section located between wall 34 and 
having a length about equal to the arc length of the actinic radiation source. The arc 



length is typically defined as the distance between the electrodes of the actinic radiation 
source such as the ultraviolet lamp. Those skilled in the art would readily be able to 
design and construct an actinic radiation source suitable to irradiate the reactant solution 
to emit electromagnetic radiation with a wavelength, typically less than or about 254 ran, 
that can generate free radical species. 

According to another embodiment, wall 34 separates ultraviolet lamp 32 from the 
reactant solution while providing high transmittance of actinic radiation. Examples of 
suitable materials that can be used as wall 34 include, but are not limited to, natural or 
synthetic quartz because of its high transmittance of ultraviolet radiation. 

The separation distance between sleeve 34 and surface 36 can vary between 0.1 
mm to 100 mm. The volume enclosed within channel 30, along with the volumetric flow 
rate, defines the irradiation time or exposure time of the reactant solution to the actinic 
radiation. Free radical generator 25 can be constructed based on the required flow rate of 
the oxidant solution and the volume of channel 30, to have an irradiation time of about 1 
second to about 100 seconds, and in some cases, with an irradiation time of between 2 to 
20 seconds. 

Surface 36 of channel 30 can be comprised of any material having suitable 
chemical and mechanical resistance to the reactant solution and oxidant solution. Such 
materials include, but are not limited to, titanium, stainless steel, copper, ceramic, plastic, 
or combinations thereof. In some cases, surface 36 can be coated to provide the 
appropriate or even selective chemical and ultraviolet resistance depending on use or 
other considerations such as, but not limited to, capital or maintenance costs. In other 
cases, surface 36 can be coated or prepared to have a reflective surface so that any 
radiation incident on surface 36 can be reflected back into the reactant solution. In other 
cases, surface 36 can have a coating that catalytically promotes free radical hydroxyl 
formation. For example, surface 36 can be coated with titanium dioxide. Those skilled 
in the art would recognize that channel 30 can be constructed or arranged to have surface 
36 that exhibits a desirable combination of properties including, but not limited to being 
chemically stable, low cost, and catalytically active. 

In operation, the generation of oxidant solution comprising free radical species, 
using free radical generator 25 and reactant solution, depends on several factors 
including, for example, the flow rate of reactant solution flowing within chamber 30, the 
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intensity or power as well as the wavelength or wavelength spectrum of actinic radiation 
source 32 as well as the presence of free radical-consuming species present in the 
reactant solution, for example, the substantially pure water source (not shown). Other 
factors that may effect the concentration or the abundance of free radical species 
5 generated and available for use in system 10 include the presence of contaminating 

organic or inorganic species in, for example, the substantially pure water solution which 
can lead to, in some cases, undesirable competing reactions. In some cases, the reactant 
solution can be water that has been, for example, purified, such as by filtration, 
electrodeionization, electrodialysis, reverse osmosis, distillation, ion exchange, or 

10 combinations thereof. Further, the contact, residence or irradiation time of the reactant 
solution during exposure to the actinic radiation as well as the distance of photon travel, 
the number of photon collisions and the presence or absence of a catalyst within chamber 
30 during the exposure to actinic radiation can affect the yield of the free radical species. 
In another embodiment, the reactant solution is solution that has a low NTU 

15 value as well as having low total dissolved solids. Typically, the reactant solution has an 
NTU value below 100, or even less than 1. In other cases, the total dissolved solids 
content is typically below 2,000 ppm or even less than 100 ppm. Accordingly, in some 
embodiments, the composition of the reactant solution is conducive to provide stability 
to free radicals by having little or no species that would consume the produced free 

20 radical species. Further, survivability of such free radical species may depend on the pH 
of the reactant solution. Accordingly, the pH of the reactant solution is typically low or 
below about 10, or below about 9, or even below about 8. 

According to another embodiment, the reactant solution further includes free 
radical donors that, for example, upon irradiation by the actinic radiation, can release, 

25 initiate or generate free radical species such as, but not limited to OH«. Examples of 
such donors include, but are not limited to, hydrogen peroxide, ozone, oxygen, singlet 
oxygen, other peroxide donors as well as peroxygen compounds. Typically, such donors 
would have a low level of dissolved solids when introduced into the reactant solution to 
minimize potentially undesirable competing reactions that can consume free radicals 

30 thereby affecting the yield of free radicals. For example, peroxygen compounds as 
peroxide donors that can increase dissolved solids that can react with the hydroxyl 
radical species include, but are not limited to, peroxodisulfate ions (S 2 0 8 ~ 2 ) and hydrogen 
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peroxomonosulfate (HSO5). Such species can reduce the overall efficiency of free 
radical species production because they can consume generated free radicals. However, 
in some cases, salt-based reactants may be beneficial for other reasons. For example, 
using peroxide donors available in dry powder form may be more convenient for 

5 operational purposes even though their use may reduce the overall free radical yield. 

In another embodiment, free radical generator 25 can be cooled during operation. 
For example, as shown in Figure 4, a cooling medium entering through cooling inlet 38 
can carry away heat generated during the irradiation process out through cooling outlet 
40 to a cooling unit operation (not shown). Suitable cooling media can include water or 

10 other fluids as known in the art. The flow of the cooling media can be either in counter- 
current or co-current flow relative to the reactant solution. 

Example 

In this example, the generation of hydroxyl free radicals and their effectiveness in 

15 oxidizing or minimizing undesirable contaminants as measured by, for example, COD, in 
a body of water was evaluated. Specifically, water system 10, schematically shown in 
Figure 1. using the free radical generator 25, schematically shown in Figure 4, was used. 
Free radical generator 25 had a reactor sleeve having a surface 36 made of 316 L 
stainless steel and used a synthetic high-purity fused quartz sleeve 34 to encase a 1 KW 

20 medium pressure ultraviolet lamp from Alpha-Cure LTD (Norhants, United Kingdom). 
TEFLON™ fluoropolymer, available from E.I. du Pont de Nemours and Company 
(Wilmington, Delaware), was used for the seals and connectors. Free radical generator 
25 was operated with a reactant solution flow rate of about 220 ml per minute and 
irradiation (UV contact) time of about 1 1.4 seconds to produce a reactant solution having 

25 about 0.5% strength as active H 2 0 2 . Distilled water or water pretreated by filtration and 
reverse osmosis was used as the reactant solution. Water system 10 had a body of water 
that was about 13,000 gallons and had a circulation flow rate through circulation system 
14 of about 500 gallons per minute. The body of water had an initial contaminant, 
glycine, concentration of about 4.6 ppm. 

30 During operation, several samples were retrieved from circulation system 14 as 

well as body of water 12 and evaluated for chloramine, measured as combined chlorine, 
as well as TOC to evaluate the effectiveness of the hydroxyl free radicals generator. 
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Samples were retrieved and analyzed at sample point 42 from circulation system 14 
approximately 3 to 5 feet before hydroxyl free radical introduction at port 24. Samples 
were retrieved and analyzed at sample point 44 approximately 3 to 5 feet after hydroxyl 
free radical introduction. Samples were retrieved and analyzed at sample point 46 
5 approximately 8 to 10 feet after hydroxyl free radical introduction. And, samples were 
retrieved and analyzed at sample point 48 approximately 15 to 20 feet after hydroxyl free 
radical introduction. A nozzle was used in port 24 to introduce the oxidant solution 
having hydroxyl free radicals to accelerate the mixing of the oxidant solution from free 
radical generator 25 within the stream flowing in circulation system 14. 
10 FIGS. 2 and 3 show the measured chloramine and TOC concentrations, 

respectively, as function of time after the introduction of the hydroxyl free radical 
species. FIG. 2 shows that chloramine, as combined chlorine, was consumed by the 
hydroxyl free radical species and reduced to below 1 ppm after about 65 minutes of 
operation. Similarly, FIG. 3 shows that TOC was reduced by the use of hydroxyl free 
15 radical species to below 1 ppm after about 90 minutes of operation. Thus, the example 
demonstrates that water system can be treated using hydroxyl free radicals according to 
the apparatus and method of the present invention. 

Those skilled in the art should appreciate that all parameters and configurations 
described herein are meant to be exemplary and that actual parameters and 
20 configurations will depend upon the specific application in which the systems and 

methods of the present invention are used. Those skilled in the art should recognize, or 
be able to ascertain, using no more than routine experimentation, many equivalents to the 
specific embodiments of the invention described herein. For example, those skilled in 
the art should recognize that multiple free radical generators can be used to treat a water 
25 system or that a plurality of free radical generators can be used, each having different or 
adjustable power ratings to compensate for, for example, wear or reduced yield with 
aging. It is, therefore, to be understood that the foregoing embodiments are presented by 
way of example only and that, within the scope of the appended claims and equivalents 
thereto, the invention may be practiced otherwise than as specifically described. For 
30 example, the reactant solution can be treated to have a low oxygen demand to remove 
free radical-consuming species. The present invention is directed to each feature, 
system, or method described herein. In addition, any combination of two or more 
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features, systems or methods, if such features, systems or methods are not mutually 
inconsistent, is considered to be within the scope of the present invention. 
What is claimed is: 



